INTRODUCTION
Human cartilage glycoprotein 39 (HC-gp39) is secreted by a variety of mammalian cells. Based on structural homology, it belongs to the glycohydrolase family 18, which comprises a large number of bacterial and eukaryotic chitinases. In mammals, five members of this protein family have been described [1] [2] [3] [4] . Two of these, mammalian chitinase-1, or chitotriosidase, and the recently identified acidic mammalian chitinase [5] , are capable of hydrolysing the β 1,4 linkage between the adjacent N-acetylglucosamine residues of chitin oligomers or colloidal chitin [6] . None of the other mammalian proteins display any glycohydrolase activity.
Although a major secreted product of cultured human articular chondrocytes or cartilage explants, HC-gp39 is not generally synthesized by healthy chondrocytes in i o. However, the presence of mRNA for HC-gp39 has been noted in osteoarthritic cartilage [1] and confirmed by hybridization in situ [7] . The presence of the protein was demonstrated by immunolocalization in chondrocytes of degenerate cartilage [8] . Johansen et al. reported increased levels of HC-gp39 in synovial fluids and sera from patients with both osteoarthritis [9] and rheumatoid arthritis [10] , and a positive correlation between HC-gp39 levels and disease activity was noted [9] . HC-gp39 levels tended to decrease with various treatment modes, suggesting that the accumulation of HC-gp39 is a result of processes related to the pathogenesis of joint degeneration and\or inflammation.
Abbreviations used : bpV, potassium bisperoxo (1,10-phenanthroline)oxovanadate ; HC-gp39, human cartilage glycoprotein 39 ; HFL, human fetal lung fibroblast ; MAP, mitogen-activated protein ; ERK, extracellular signal-regulated kinase ; MEK, MAP kinase and ERK kinase ; PI-3K, phosphoinositide 3-kinase ; AKT, protein kinase B ; IGF-1, insulin-like growth factor-1 ; DMEM, Dulbecco's modified Eagle's medium ; FCS, fetal calf serum. 1 To whom correspondence should be addressed, at the Joint Diseases Laboratory, Shriners Hospital for Children (e-mail arecklies!shriners. mcgill.ca).
fashion. The use of selective inhibitors of the mitogen-activated protein kinase and the protein kinase B (AKT) signalling pathways indicates that both are involved in mediating the mitogenic response to HC-gp39. Phosphorylation of both extracellular signal-regulated kinases 1\2 and AKT occurred in a dose-and time-dependent fashion upon addition of HC-gp39. Activation of these signalling pathways could also be demonstrated in human chondrocytes. Thus HC-gp39 initiates a signalling cascade in connective-tissue cells which leads to increased cell proliferation, suggesting that this protein could play a major role in the pathological conditions leading to tissue fibrosis.
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HC-gp39 secretion has also been demonstrated from a number of other cell types, such as smooth-muscle cells [11] , synovial cells [12] and macrophages [13] [14] [15] , where its synthesis precedes that of the closely related, enzymically active mammalian chitinase-1 [3] . In fact, it has been suggested that HC-gp39 secretion is a latedifferentiation event of monocytes [13] . Increased circulating levels of HC-gp39 have also been reported in patients with breast cancer [16] and colorectal cancer [17] as well as in patients with cirrhosis of the liver [18] . In addition to these pathological conditions, expression of the murine and bovine equivalents of HC-gp39 has been observed in the early stages of mammary gland involution following cessation of lactation [19, 20] . The expression pattern of HC-gp39 suggests that its production is related to situations where increased connective-tissue remodelling occurs, and that it may play a role in events associated with increased turnover of extracellular matrix.
A unifying feature of the mammalian chitinase-like proteins is their molecular structure, which consists of an essentially complete chitinase-3-like catalytic domain of approx. 40 kDa. However, with the exception of the mammalian chitinase-1 produced by macrophages [6, 21] , they do not possess glycohydrolase activity. This lack of activity can be explained by the nonconservative substitution of an essential glutamic acid residue in the active site of these proteins [22, 23] with leucine (in the case of HC-gp39) or glutamine (in Chi3-L2 or eosinophil chemotactic factor). The remainder of the sequence, which forms the active-site cleft in the chitinases, is very highly conserved amongst all members of glycohydrolase family 18, suggesting that the overall structure is very similar in the enzymically active and inactive proteins. The existence of chitinase-3-like proteins containing substitutions of the catalytically essential glutamic acid residue in the active-site cleft is not restricted to mammals, as inspection of the genomic databases for the nematode Caenorhabditis elegans, the fruit fly Drosophila melanogaster and the zebra fish Danio rerio reveals the presence of multiple putative chitinase-3-like proteins in these organisms.
Although HC-gp39 was identified in 1993, its function has until recently remained elusive. Kawamura et al. [24] showed that a family of growth factors for imaginal disc cells of the fruit fly belongs to the chitinase-3 like protein family, suggesting that the mammalian counterparts of these proteins might have similar mitogenic properties. This suggestion was indeed confirmed by the recently published observation that the guinea-pig homologue of HC-gp39 promotes proliferation in chondrocytes and synovial cells [25] . We had found that HC-gp39 stimulated DNA synthesis and proliferation of human connective-tissue cells at subnanomolar concentrations (reported at the 64th Annual Meeting of the American College of Rheumatology, Philadelphia, PA, U.S.A., in November 2000 [26] ). The work described here extends these observations to demonstrate that HC-gp39 activates both extracellular signal-regulated kinase (ERK)-and protein kinase B (AKT)-mediated signalling cascades, which are associated with the control of mitogenesis.
EXPERIMENTAL Materials
Recombinant human insulin-like growth factor-1 (IGF-1) was purchased from R&D Systems (Minneapolis, MN, U.S.A.), potassium bisperoxo (1,10-phenanthroline)oxovanadate (bpV) was from Sigma (St. Louis, MO, U.S.A.), [$H]thymidine was from New England Biolabs (Montreal, QC, Canada) and fetal calf serum (FCS) was from Biomedia (Drummondville, QC, Canada). Other tissue-culture supplies were obtained from Flow Laboratories (Mississaga, ON, Canada). The dye Hoechst 3358 was supplied by Molecular Probes (Eugene, OR, U.S.A.). Rabbit antisera specific for the phosphorylated forms of the ERK1\ ERK2 mitogen-activated protein (MAP) kinases and of AKT, as well as pan-specific antisera to these kinases and horseradish peroxidase anti-rabbit Ig conjugates, were obtained from New England Biolabs. Enhanced chemiluminescence reagents for visualization of bound Igs in Western blots were from Amersham Bioscience (Montreal, QC, Canada). The MAP kinase and ERK kinase (MEK) inhibitors PD98059 and U0126, and the phosphoinositide 3-kinase (PI-3K) inhibitor LY294002, were obtained from New England Biolabs.
HC-gp39 was purified from culture supernatants of human articular chondrocytes as described previously [1] and its purity was assessed by SDS\PAGE and staining with Coomassie Brilliant Blue. N-terminal sequencing of the purified preparation indicated the presence of only one protein, consistent with the sequence of HC-gp39. Protein content was determined using the Bradford assay [27] . Molar concentrations for the purified preparations were calculated based on a molecular mass of 42 000 Da. Purified HC-gp39 was stored frozen at k20 mC in aliquots to avoid repeated freeze-thawing and denaturation of the protein. Recombinant human chitinase-1 (chitotriosidase) was prepared using the Pichia pastoris expression system (Invitrogen, Carlsbad, CA, U.S.A.) following the manufacturer's instructions (J. Krupa and A. D. Recklies, unpublished work).
Cell culture
Human synovial cells were prepared from tissue obtained at joint arthroplasty from patients with osteoarthritis. The tissue was digested with trypsin and bacterial collagenase as described by Golds et al. [28] and cells were stored frozen following expansion. Human fibroblasts prepared from skin biopsies of an adult male were provided kindly by Dr P. J. Roughley (Genetics Unit, Shriners Hospital for Children, Montreal, QC, Canada). The human fetal lung fibroblast (HFL) cell line, HFL-1, was obtained from the American Type Culture Collection (Manassas, VA, U.S.A.). Frozen stocks of this cell line were expanded through two or three passages before use.
Human chondrocytes were prepared from cartilage obtained at autopsy from a 2-year-old individual. Cells were isolated as described previously [29] and stored frozen after passage 1. For the work described here frozen chondrocytes were expanded and used between passage levels 3 and 5. All cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FCS and 100 µg\ml penicillin\100 units\ml streptomycin in an environment of 95 % air\5 % CO # .
Assessment of mitogenic activity
Mitogenic activity was assessed by measurement of total DNA content of treated or untreated cultures as well as by determination of DNA-synthesis rates. Synovial cells or skin fibroblasts were seeded into 6-well tissue-culture plates at 50 000 cells\well and allowed to adhere for 72 h in DMEM containing 10 % FCS. The cells were then serum-starved for 24 h and exposed to HC-gp39 at concentrations ranging from 0 to 100 ng\ml in unsupplemented DMEM. As a positive control the growth response to similar concentrations of IGF-1 was determined in parallel experiments. The cells were harvested after 4 days of exposure to mitogenic agents and DNA levels in cell lysates were measured by a fluorometric assay using the dye Hoechst 3358 [30] .
Rates of DNA synthesis were analysed by [$H]thymidine incorporation. Synovial cells were seeded in 24-well tissue-culture plates at a density of 15 000 cells\well ; skin fibroblasts and HFL-1 cells were seeded at 8000 cells\well. All cells were cultured for 72 h in DMEM supplemented with 10 % FCS, followed by a 24 h serum-starvation period in unsupplemented DMEM. IGF-1 or HC-gp39 was then added in DMEM at the concentrations indicated, followed by [$H]thymidine (10 µCi\ml) 24 h later. Supplementation with BSA did not influence the magnitude of the responses to growth factors in this system, and thus their effects were analysed in the absence of BSA, unless indicated otherwise. Cultures were terminated after 48 h of exposure to growth factors. The cell layers were briefly washed, trypsinized and DNA was collected on glass-fibre filters using a cell harvester.
[$H]Thymidine content was determined by liquid scintillation spectroscopy using a Packard liquid scintillation counter.
To assess the effects of protein kinase inhibitors on the mitogenic response to HC-gp39 or IGF-1, the inhibitors were added at concentrations recommended by the supplier 2 h prior to the mitogen. Thymidine incorporation was determined as described above.
Analysis of signalling pathways
The involvement of the MAP kinase and PI-3K pathways in the mitogenic response to HC-gp39 was evaluated by analysis of phosphorylation of ERK1\ERK2 and AKT respectively, using HC-gp39 is a growth factor for connective-tissue cells Western blotting and phosphorylation-specific antisera. Cells were seeded into 6-well tissue-culture plates as above in DMEM containing 10 % FCS and allowed to grow to near-confluence. Skin fibroblasts, HFLs and synovial cells were serum-starved for 48 h, followed by exposure to growth factors at the concentrations indicated for time periods up to 6 h for synovial cells and 3 h for HFL-1 cells, skin fibroblasts and articular chondrocytes. The latter were exposed to serum-free DMEM for 3 days prior to stimulation with daily medium changes to remove endogenously produced HC-gp39. For dose-response curves, cells were incubated in the presence of various growth-factor concentrations for 1 h. Protein kinase inhibitors, where used, were added to the cell cultures 1 h prior to the addition of mitogens.
At the end of the incubation period, cell layers were washed twice in ice-cold PBS, lysed in SDS sample buffer and cell lysates were analysed by SDS\PAGE and Western blotting. Blots were exposed to the phosphorylation-specific antibody at dilutions recommended by the manufaturer and, following visualization, they were stripped by incubation in a 0.2 M Tris\glycine buffer, pH 2.8 (containing 0.1 % SDS and 0.1 % Tween 20) [31] , and reprobed with a pan-specific antibody to determine total ERK1\ ERK2 or AKT protein. In some cases separate blots were prepared for each analysis. Similar results were obtained.
RESULTS
In contrast to many other cell types, human articular chondrocytes in monolayer culture can be maintained in unsupplemented culture medium for about 2 weeks without any loss of viability. The lack of a requirement for growth-factor supplementation could be due to the presence of endogenously produced HCgp39, since these cells have been shown to produce sizeable amounts of this protein in itro [1, 32] . As endogenous production of HC-gp39 subsides, survival of human chondrocytes could be further extended in itro by supplementation with exogenous HC-gp39. These observations suggested that HC-gp39 could act as a growth and survival factor for chondrocytes and possibly other connective-tissue cells, since increased production has been associated with a variety of fibrotic conditions. To test this hypothesis further, proliferative responses of connective-tissue cells were studied. We chose skin and fetal lung fibroblasts, as these cells do not produce HC-gp39 under any culture conditions. In addition, two synovial cell lines that only produce very low endogenous levels of HC-gp39 were analysed.
Human skin fibroblasts exposed to HC-gp39 following 24 h of serum starvation showed improved survival compared with cells exposed to BSA or serum-free medium. In addition, 24-30 h after addition of HC-gp39 numerous mitotic and post-mitotic cells were present in the cultures, indicating that HC-gp39 was indeed mitogenic for these cells. To quantify this response, the DNA content of fibroblast cultures maintained for 4 days in the presence of HC-gp39 was determined in comparison with IGF-1, a well-characterized growth factor for connective-tissue cells. Results obtained with synovial fibroblasts are shown in Figure 1 (a), demonstrating increased DNA levels in cultures maintained in the presence of HC-gp39 compared with cells maintained in unsupplemented medium or in medium supplemented with BSA. The effectiveness of HC-gp39 in stimulating increases in DNA levels was similar to that of IGF-1. Similar results were obtained with skin and lung fibroblasts.
The increased DNA content of the cell cultures could be due to either decreased cell death by apoptosis or necrosis as a consequence of serum withdrawal or to increased mitotic rates, or a combination of both. To determine whether HC-gp39 stimulated cell growth, DNA-synthesis rates were evaluated by To determine whether the observed mitogenic effect was specific for HC-gp39, or whether this was a property of other members of this protein family with high sequence similarity, the mitogenic activity of a recombinant preparation of human chitinase-1 was investigated. No response was observed in the 
Figure 2 HC-gp39 and IGF-1 act synergistically in the induction of mitogenesis
Synovial fibroblasts were grown to semi-confluence and serum-starved for 24 h. Purified HCgp39 was added to the cultures at the indicated concentrations in the absence (#) or presence ($) of 5 ng/ml human IGF-1, or in the presence of the phosphotyrosine phospatase inhibitor bpV (1 µM; ). presence of this protein at concentrations up to 1 µg\ml (20 nM) in skin, fetal lung or synovial fibroblasts (Table 1) , nor did this enzyme interfere with the mitogenic response of the cells to HCgp39, IGF-1 or FCS. These observations therefore suggest that the mitogenic activity is a unique property of HC-gp39.
HC-gp39 and IGF-1 worked synergistically, enhancing the response of synovial cells at suboptimal concentrations of IGF-1 ( Figure 2) . Similar results were obtained with the phosphatase inhibitor, bpV. At low concentrations, this compound increased mitogenesis in all three cell lines tested, although at higher concentrations cytotoxicity was evident. As was observed for IGF-1, the response to HC-gp39 was greatly increased at the lower concentrations in the presence of 1 µM bpV.
Since the major cellular effect of bpV is due to its activity as a specific phosphotyrosine phosphatase inhibitor, the potentiating effect on HC-gp39 action suggested that a phosphorylation-
Figure 3 Activation of both ERK1/ERK2 and PI-3K signalling pathways is required for the mitogenic action of HC-gp39
Human fibroblasts were grown to semi-confluence and serum-starved for 24 h before addition of 100 ng/ml HC-gp39 (a) or 50 ng/ml IGF-1 (b). Inhibitors of ERK1/ERK2 activation (25 µM PD98059 or 10 µM U0126) or of PI-3K (25 µM LY294002) were added 1 h prior to the growth factors. Thymidine incorporation was determined between 24 and 48 h of the culture period as described for Figure 1 .The data are meanspS.D. from triplicate culture wells of a representative experiment.
dependent signalling pathway may be involved in the cellular mitogenic response. This possibility was investigated further using inhibitors of two pathways commonly associated with mitogenesis and cell survival, namely the MAP kinase pathway [33, 34] and the PI-3K-mediated pathway [35] . Thymidine incorporation in response to HC-gp39 was reduced by the MAP kinase pathway inhibitors PD98059 and U0126 ( Figure 3A) . The PI-3K inhibitor, LY294002, proved to be most effective, reducing thymidine incorporation rates to background levels. IGF-1-stimulated mitogenesis was inhibited to a similar degree by the PI-3K inhibitor, but U0126, which is selective for both MEK1 and 2, was more effective than PD98059 ( Figure 3B ), whereas there was no statistically significant difference between these two inhibitors in the presence of HC-gp39.
Based on these observations the activation of the MAP kinase and PI-3K signalling pathways by HC-gp39 was analysed in comparison with IGF-1 in all three cell lines. A dose-dependent phosphorylation of ERK1 and ERK2 was observed for synovial cells (Figure 4a ), HFLs ( Figure 4b ) and skin fibroblasts (results not shown). To investigate whether HC-gp39 would initiate a similar signalling pathway in articular chondrocytes, passaged cells were maintained in DMEM for 72 h with frequent medium changes to reduce endogenously produced HC-gp39 levels [1] . As HC-gp39 is a growth factor for connective-tissue cells
Figure 4 HC-gp39 induces a dose-dependent phosphorylation of ERK1/ ERK2
Human synovial cells (a), fibroblasts (b) or human articular chondrocytes (c) were grown to near-confluence and serum-starved for 48 h followed by exposure to purified HC-gp39 at concentrations ranging from 0 to 100 ng/ml, BSA (100 ng/ml ; lane B), human chitinase-1 (100 ng/ml ; lane C) or IGF-1 (50 ng/ml) in unsupplemented culture medium. Cells were lysed after 60 min of exposure and cell lysates were analysed by Western blotting with either phosphorylation-specific (P-MAPK) or phosphorylation-independent (Total MAPK) antiserum against the MAP kinases ERK1 and ERK2. Controls with BSA and human chitinase-1 were performed for all cell lines with identical results. A similar dose dependency of MAP kinase phosphorylation was observed for HFLs (results not shown).
Figure 5 Time course of HC-gp39-induced ERK1/ERK2 phosphorylation
Human synovial cells (a), fibroblasts (b) or human articular chondrocytes (c) were grown to near-confluence and serum-starved for 48 h, followed by exposure to 50 ng/ml HC-gp39 for times ranging from 0 to 360 min as indicated. Cell lysates were analysed for ERK1/ERK2 phosphorylation as described for Figure 4. illustrated in Figure 4 (c), ERK1\ERK2 phosphorylation was also stimulated in these cells following addition of HC-gp39. The lowest effective concentration in all cases was similar to that eliciting a mitogenic response. IGF-1 was used as a positive
Figure 6 HC-gp39 induces phosphorylation of AKT in a concentration-and time-dependent manner
Human synovial cells were grown to near-confluence and serum-starved for 48 h, followed by exposure to HC-gp39 at the indicated concentrations for 60 min (a), or by exposure to 100 ng/ml of HC-gp39 for the indicated time periods up to 12 h (b). A time course for AKT phosphorylation in response to 100 ng/ml of IGF-1 is shown in (c). The levels of AKT phosphorylation relative to total AKT levels in cell lysates were determined by Western blotting using an antiserum specific for phosphorylated AKT (P-AKT) and a pan-specific antiserum (Total AKT). Similar results were obtained with human articular chondrocytes. bFGF, basic fibroblast growth factor. control in these experiments. No ERK1\ERK2 phosphorylation was observed in cells exposed to medium supplemented with BSA or human chitinase, or when HC-gp39 was denatured by reduction and alkylation.
The time course of MAP kinase phosphorylation revealed a maximal effect between 30 and 60 min after addition of HC-gp39 to synovial or HFL-1 cells (Figures 5a and 5b) . Articular chondrocytes responded much more quickly to HC-gp39, with a signal detectable as early as 5 min following addition of HC-gp39 (Figure 5c ). Although the levels of ERK1\ERK2 phosphorylation peaked at 60 min, low levels were still evident up to 3 h after stimulation in human synovial cells and chondrocytes, whereas this event was much more transient in HFLs, where ERK1\ERK2 phosphorylation was undetectable at 2 and 3 h. Thus HC-gp39 initiates a signalling cascade in connective-tissue cells that is commonly associated with stimulation of mitogenesis.
Signalling through the PI-3K pathway has been associated with cell survival, and activation of AKT is pivotal in this aspect. The strong inhibition by the PI-3K inhibitor, LY294002, indicated that signalling through this kinase was essential for the mitogenic response to HC-gp39. Phosphorylation of AKT was therefore analysed in cells exposed to this protein. HC-gp39 induced a dose-dependent AKT phosphorylation in human synovial cells, with an effective range similar to that of IGF-1 (Figure 6a ). Phosphorylation peaked between 30 and 60 min, but some activated AKT was still detectable 6 and even 12 h after stimulation (Figure 6b) . Stimulation of human synovial cells
Figure 7 Stimulation of AKT phosphorylation by HC-gp39 is dependent on PI-3K activity
Synovial fibroblasts were serum-starved as above and exposed to the MEK1/MEK2 inhibitor U0126 or to the PI-3K inhibitor LY294002 for 1 h prior to addition of HC-gp39 (100 ng/ml). Cell lysates were prepared after 60 min of stimulation and levels of phosphorylated and total AKT were analysed as described for Figure 6 .
with IGF-1 resulted in activation of AKT with a similar time course (Figure 6c ). HC-gp39 also induced a dose-dependent activation of AKT in human skin fibroblasts and human chondrocyte cultures (results not shown).
Although AKT is usually activated through a PI-3K-dependent pathway [35] , MAP kinase-dependent phosphorylation has been reported [36] . To determine whether both pathways were used for AKT phosphorylation in cells exposed to HC-gp39, the effects of the PI-3K-specific inhibitor, LY294002, or the MEK1\2 inhibitor, U0126, were investigated. AKT phosphorylation was inhibited by LY294002, but not by U0126, indicating that AKT activation in this system is entirely dependent on PI-3K activity ( Figure 7) . A consistently stronger phosphorylation signal for AKT was observed in the presence of U0126, i.e. when MEK1\2 activity was inhibited. IGF-1-induced phosphorylation of AKT was also enhanced by U0126. Similarly, phosphorylation of ERK1\ERK2 was inhibited by U0126, as expected, and a stronger signal was obtained in the presence of the PI-3K inhibitor LY294002 (results not shown). These data suggest that MAP kinase-dependent signalling events can modulate the level of AKT activation and vice versa.
DISCUSSION
Although the chitinase-like protein, HC-gp39, has been characterized extensively with respect to its expression patterns [1, 7, 11, 12, 14] and possible association with degenerative diseases [8, 10, 16, 37] insight into its physiological action has only been obtained recently, prompted by the identification of a family of growth factors, in the fruit fly D. melanogaster, as chitinase-like proteins [24] . The fact that one member of the mammalian family of these proteins also has very potent growth-promoting activity, as demonstrated by the work of de Ceuninck [25] , indicates that this function may be conserved across a wide range of species.
The results presented here demonstrate that HC-gp39 initiates MAP kinase and PI-3K signalling cascades in human connectivetissue cells, leading to the phosphorylation of ERK1\ERK2 and AKT, respectively. This finding is consistent with the wellestablished roles of these signalling pathways in the propagation of mitogenic signals [33] [34] [35] . The inhibition of the mitogenic response of the cells to HC-gp39 by either the MAP kinase (PD98059 and U0126) or PI-3K (LY294002) inhibitors suggests that both pathways are required for the cells to complete progression through the mitotic cycle. The analysis of ERK1\ ERK2 and AKT phosphorylation in the presence of either inhibitor shows that each inhibitor works in a specific manner with respect to these two signalling pathways, supporting the suggestion that signalling through only one of these pathways is insufficient for the cells to complete mitosis. Although AKT has been thought to play a major role, mainly in cell survival, recent data suggest that PI-3K activation is required for the progression of mitosis, promoting the entry of quiescent cells into the S phase [38] , and the downstream phosphorylation of AKT is in part responsible for the propagation of this signal. The strong inhibition of the mitogenic response to HC-gp39 by the PI-3K inhibitor, LY294002, is consistent with this role for PI-3K in mitogenesis. Jones and Kazlauskas [39] have shown that the mitogenic response to platelet-derived growth factor involves the sequential activation of the MAP kinase and PI-3K pathways, suggesting that these different phases of signalling are a general requirement in mitogenic signalling.
The activation of cytoplasmic signal-transduction pathways suggests that HC-gp39 interacts with one or several signalling components on the plasma membrane. Whether this occurs through specific receptors on the cell surface of connective-tissue cells remains to be determined, and the nature of potential HCgp39 ligands is at the moment highly speculative. Some suggestions may be derived from the recently elucidated molecular structure of the murine protein YM1 (Chi3-L3) [40] , which belongs to the vertebrate chitinase-like protein family and, like HC-gp39, possesses no enzymic activity. Perhaps not surprisingly, this protein is structurally very similar to the catalytic domain of the Serratia marcescens chitinase A [23] . Further analysis by Chang et al. [41] indicates that YM1 binds preferentially to oligomers of glucosamine as well as to heparin, suggesting that this protein may act by binding to a carbohydrate ligand, possibly cell-membrane-associated heparin sulphate proteoglycans. Interestingly, YM1 did not bind to N-acetylglucosamine oligomers, the native substrate for the chitinases. We have observed a similar lack of interaction between chitin oligomers and HC-gp39, suggesting that binding to chitin, possibly as a defence mechanism against fungal or parasitic infection, is probably not the major function of this protein.
The human chitinase secreted by macrophages is structurally very similar to HC-gp39, except that the sequence configuration of the active site favours interaction with N-acetylglucosamine oligomers. The lack of mitogenic activity and its inability to interfere with the responses to HC-gp39 suggest that the substrate specificity of this enzyme is unrelated to the binding affinity of HC-gp39. Whether other family members, such as YKL39 (Chi3-L2) or YM1 (Chi3-L3), promote the growth of connective tissue or other cell types, is currently not known.
It has recently been reported that YM1 possesses chemotactic activity towards eosinophils [42, 43] ; however, Webb et al. [44] report that this activity is rather weak. This discrepancy in activity may be due to differences in the purification of the protein. We have found that the biological activity of HC-gp39 depends on its native structure, as no mitogenic response was observed when the protein was reduced and alkylated, and the protein is prone to denaturation under a variety of conditions. A chemotactic activity has been reported for the porcine homologue of HC-gp39 [45] , suggesting a role in angiogenesis. However, these effects also required relatively high concentrations of the protein and await further confirmation.
Increased synthesis of HC-gp39 has been reported in a number of pathological conditions where fibrosis is a prominent part of the disease pathology, such as rheumatoid arthritis [1, 10] , cirrhosis of the liver [18] and the formation of atherosclerotic plaques [37] , and HC-gp39 may play a role in initiating or maintaining this response. For example, increased expression of HC-gp39 is a growth factor for connective-tissue cells HC-gp39 is detectable at early stages in the development of degenerative lesions in articular cartilage [8] , and the synovial hyperplasia, which is very often associated with the progression of osteoarthritis, could be initiated or promoted by increased levels of this protein. In addition, HC-gp39 could potentiate the action of other growth factors on connective-tissue cells. We have shown that HC-gp39 acts synergistically with IGF-1 and this may also be true for other growth factors such as basic fibroblast growth factor, which have been implicated in synovial hyperplasia. de Ceuninck et al. [25] did not observe any synergistic effects with IGF-1 ; however, the concentrations used were quite high. In our work synergistic effects were only obvious at subnanomolar concentrations of HC-gp39, whereas at higher concentrations the response was additive. In addition, the cells used in the above study were shown to contain high levels of endogenous HC-gp39, and it is not clear how this would affect the cellular responses to exogenously added protein. It is currently not known whether cells will become refractory to HC-gp39 following chronic exposure, or if there are other factors that attenuate its activity.
Chakravarthy et al. [46] have suggested that IGF-1 extends the replicative life span of satellite cells through activation of PI-3K and phosphorylation of AKT. The similarity between the responses to IGF-1 and HC-gp39 that we have observed suggest that the latter may play a role in supporting the replicative capacity of connective-tissue cells in a similar manner. In this respect it is interesting to note that expression of the murine homologue of HC-gp39 in the involuting mammary gland [19] occurs at the same time as the removal of the terminally differentiated mammary epithelial cells by apoptosis [47] . Thus in this situation HC-gp39 may function to maintain or promote the integrity of the connective-tissue elements of the mammary gland in a highly pro-apoptotic environment.
Whether HC-gp39 stimulates mitogenesis in human articular chondrocytes is not clear at the moment. These cells produce HC-gp39 in the absence of FCS ; however, these experiments have usually been performed with confluent cells, and thus any mitogenic response is difficult to evaluate. Our results demonstrate that HC-gp39 activates the same MAP kinase and PI-3K signalling pathways in articular chondrocytes as it does in the fibroblast lines, indicating that these cells also respond to this protein. It has been shown that phosphorylation of MAP kinases is required for IGF-1-dependent cell survival of human articular chondrocytes in itro [48] . Thus the expression of HC-gp39 in degenerate cartilage could influence the capacity of chondrocytes to divide and survive in a biomechanically stressed environment.
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